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ABSTRACT

The Ballistic Research Laboratories detonation-driven shock tube was utilized
to expose four complex tunnel models to high pressure blast waves. The models
were exposed to shock pressures of 200, 500, and 800 psi. The data obtained from
the shock tube tests were reduced, plotted, and extrapolated to give expected
values for the models when exposed to a 1500 psi shock wave from a 10 megaton

nuclear weeapon.
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INTRODUCTION

In March 1963, the Ballistic Research Laboratories' Shock Tube Facility ini-
tiated a program to test a series of model underground tunnel configurstions. The
work was performed at the request of and funded by Buretu of Yards & Docks, U. S.
Navy in response to letter TUB/JMC:JS of 6 March 1963. It was requested that the
models be subjected to an input shock wave the equivalent of a 1500 psi wave from
a 10 megaton nuclear weapon and that pressure-time records be mede at specific po-
sitions within the models. The physical characteristics of the shock tube precluded
the possibility of conducting the tests at the desired pressure. Therefore, modi-
fications were made on the shock tube to permit the tests to be conducted with in-
put pressures up to 800 psi and to obtain data that would permit extrapolation to
the desir=d level.

The four models, Fig. 1 - 4, were attached to the moving test section, Fig.
5, as shown in the photograph in Fig. 6. The models thus oriented were exposed
face-on to shock waves up to 160 psi. Previous experiments at BRL have shown that
a 160 psi shock will transmit & 200 psi shock wave into a tunnel oriented face-on
to the blast wave and surrounded by a baffle that can be considered infinite and
similerly that an 800 psi shock wave will transmit a 200 psi shock wave into a
tunnel oriented side-on to the blast wave. Consequently this exposure, face-on to
160 psi shock wave, was considered equivalent to an 300 psi shock wave side-on to
the models.

The indicated gage positions were instrumented with piezo electric transducers
and recorded with oscillographic equipment. Fig. 7 is a tracing of a typical record

thus obtained.

PROCEDURE

The models were exposed separately to each of three input shock pressures,
equivalent to 200, 500, and 80C psi side-on to the entrances. In all cases pressure-
time records were taken for all gage positions simultaneously. A zero-time mark
was included on all recording channels to provide time correlation and arrival times,
with respect to shock arrival st the tunnel entrance for each gage position. EBach
gage was dynamically calibrated before and after each shot and the pre- and post-
shot calibrations were averaged (if variations occurred) to obtain the pressure
values from the records. A 1,000 cycle/second timing mark was provided on the film
to yield time for the recordings.




RIESULTS

The reduction of the pressure-time records involved the determination of a
number of varicus values from the data. The pressure initlally recorded Ly the
rage, that is the {irst step, was measured along with the arrival time for that
pressure. The pressure was cslculated by means of the simple proportion between
the known calibration pressure and the height of the calibration step on the film
and the height of the actual shock wave step. The arrivael time was measured from
the records using the zero-time mark. The zero-time or fiducial merk was a pulse
simultaneously imposed on all data channels. By measuring the time separation,
using the 1,000 cycle/second timing marks, between each =ero-time mark and the
arrival of the shock for sll data channels and subtracting from each data channel
in the model, the time separation of the input chamme', the time required for the
transmitted shock wave to -avel fron the entrance to the gage position was ob-
tained. Assuming then that zero-time is the arrival of the input shock wave at

cthe model entrance, the arrivel time for all gage positions is known.

The pressure profiles, such as those in Fig. 7, were then approximated as
closely as possible by a series of straight lines. The pressure and time was
then determined for each end of each of the straight line approximations. All
actual recorded times were then scaled up to real times with respect to the full-
scale prototypes, that is, muitiplied by the scale factor of %2. This yielded
then a series of pressure-time values of real pressure and times thait would be

obtained in the full scale case.

Because the shock tube did not exsctly reproduce its pressure from shot to
shot, the data obtained for the various models were not all for the same input
pressures. Consequently, it was decided to normalize the data with respect to
the input pressures to allow them to be plotted at the same pressures and to pro-
vide correlation between the predictions and the recorded data. This normalized
deta slong with the full scale times were then plotted. FZ~. 8 - 22 are plots of
this pressure-time data along with a plot of the wave shape from a 10 megaton

nuclear wespon.

Trie 10 megaton wave shape was obtained by scaling the 1 kiloton data from
the IBM Problem "M". Eince the shock tube produced s wave shape equivalent to a
much larger yield than the 10 megaton weapon, the applied pressure remained higher
for a longer time than would be encountered in the actual case. Once the shock
wave has been transmitted through the model, the pressure would then begin to rise

as the model filled, much as a cramber, until an equilibrium was reached between

10




the outside pressure and the pressure within the model. This fililng would ve
expected in either the shock tube test or the actual field case, vul the extent
of filling would be determined by the waveshape of the input shock wave. It is
reasonable to assume therefore, that the ultimate or maxlimum pressare oblained
for each gage position would ve less for a 10 megaton wave shape than for tne

wave shape from a much larger yield.

When the pressure-time record (measured) from a particular gage position
crossed the pressure-time profile of the 10 megaton weapon (scaled from IEM
Problem "M"), it was assumed that an equilibrium condition existed between tnat
gage position and the input wave. At this point the pressure-time profile at thre
gage position would continue as chserved in the shock tube test (overshoot the
10 megaton wave shape) until a rarefaction wave moving at the local speed of sound
could travel from the entrance to the gage position and relieve the pressure to
that of the outside. The time for the rarefaction wave to travel to the gage
position was calculated for each of the records and the observed pressure-time
profile was continued, past the equilibrium point, for that time. At this time
of relief, the pressure at the gage position would begin to decay at some rate
greater than tbat of the outside wave -iiape so that the pressure in the model
would approach that of the outside. Lack of information as to the rate of this
decay however, prohibits an approximation of the wave shape past the time of the

relief.

A number of values of pressure and time are available from these plots (Fig
8 - 22). For the three input shock pressures the following values are availatle,
for each gage position of each model, (l) the initial pressure step at the gage
position, (2) tne time of arrival of this initial step, (3) the pressure at the
time of the relief due to the rarefaction, and (4) the time at which the relief

will occur.

Since the data were taken at 200, 50C, and 800 psi as opposed t- ..e pcint
of interest, 1500 psi, the data had to be extrapolated to the higner pressure.
This was accomplisned by plolling Lue inputl pressure versus vhc initial prescure
the arrival time, etc. for each position in each model and extrapolating these
curves to 1500 psi (see Fig. 23 - 38).

The data plotted on Fig. 2% - 3% and that read from the extrapclation of

these curves are listed in Table 1. Tne table gives for eacn position of eac:.

model, the values of initial pressure, arrivel time at the gage position, the

11
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pressure at the time of relief, and the time of the relief for input pressures
of 200, 500, 300, and 1500 psi. In addition if a pressure exceeding that observed
at the time of rarefaction occurred on the pressure-time records, that pressure

and the time of its occurrence is listed.

Since the models were designed to be oriented side-on to the blast wave,
rather than the face-on configuration used, one point should be mentioned. Fig.
23 indicates a high pressure at position 2 of Model 1. This is probably due to
some extent to the simultaneous arrival and interaction of the three shock waves,
transmitted from the three entrances. Since in the true case the shock arrival
at the entrances would be different due to the varying ground ranges of the en-
trances, the transmitted shocks would not arrive at the intersection simultane-
ously. This discrepancy, between simultaneous and non-simultaneous arrival at
the intersection would effect the shock interactions and hence, should te consid-

ered when using information taken from Model 1.
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FIG. II-PRESSURE-TIME PROFILE AT GAGE POSITIONS-MODEL # 2
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FIG. |14~ PRESSURE-TIME PROFILES AT GACE POSITIONS- MODEL #3
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FIG. I5-PRESSURE-TIME PROFILES AT GAGE POSITIONS
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FIG. 20 -PRESSURE~TIME PROFILES AT GAGE POSITIONS - MODEL # 4
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PRESSURE-TIME PROFILES AT GAGE POSITIONS ~ MODEL # 4

FIG. 22~
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FIG. 23 - INCIDENT SHOCK OVERPRESSURE wvs. INITIAL TRANSMITTED
SHOCK OVERPRESSURE AT GAGE POSITIONS- MODEL #*i
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FIG. 24— INCIDENT SHOCK OVERPRESSURE wvs. INITIAL TRANSMITTED
SHOCK OVERPRESSURE AT GAGE POSITIONS—MODEL # 2
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FIG. 25—~ INCIDENT SHOCK OVERPRESSURE wvs. INITIALL TRANSMITTED
SHOCK OVERPRESSURE AT GAGE POSITIONS -~ MODEL # 3

9 . : .
: T o . ; . O RN
8 : O )
- . v . SRR N iy
1 : : ' ol _iehs
. . ' - . * sfhve o . . . . .
6 — : : = ' . Al _PDS.
T
5 > . - . MERY g .
SN 1k
‘ ' N - -
+ 8
b : o Lo .
N E . : : :
i R : : . .
wn . : R . U ERER N S b
28 i, : i _
» . . ‘ " - " .
() C o o ;
—g; —t— -
& . PR SN S :
s . SR HUESE RS TR S -
6 g ’
> . P S J-
| i . S s Sekie Ahaks ekt S B TR
['F XY .. M -
319 :
a . v L
? be .
o - 7 _
64 teeerts .
: Y T ; E
1. S FEPSY R
.1 v ae b% S S
‘ : S0
- et .
: MG DN D 29000044 I SODet SbPte NN . .
[ o e fiiisedsd PO e e Y TTRYY
T R - ‘f““~ ﬁ - ry . -==
i DRBURNIN 124 E;
XY SO
o . ERIUR S T
4 o :
74'. : : Iy >
Lo I : ; 8 Seass Hoayt i
: : gt
e PRt
15 e S5
RS e SRR Eeat iows et o7
: N
L. BRO0E Seses mer EDOY P4 b
M R PN S4 ’ ¢ N
e . - .. - 4 - . LY TERY T XY
— PRy B e 13 CR R Y b—.-4~<0ﬁ-]0..
4. . e ety - vomefesedis 5 DS YOO, Y. 900N
03 bpgcc o0 - s toued B gt + o T . B R L] DT Ja
! TS s % 10 7.5 2 R 10

103 10
INCIDENT SHOCK OVERPRESSURE, PSI




MODEL # 4

INITIAL TRANSMITTED

SHOCK OVERPRESSURE AT GAGE POSITIONS.

FIG. 26~ INCIDENT SHOCK OVERPRESSURE vs.
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FIG. 27— INCIDENT SHOCK OVERPRESSURE vs. TIME OF ARRIVAL OF
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TRANSMITTED SHOCK WAVE AT GAGE POSITIONS-MODEL # 2

FIG. 28-INCIDENT SHOCK OVERPRESSURE vs. TIME OF ARRIVAL OF
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FIG. 29 —INCIDENT SHOCK OVERPRESSURE vs. TIME OF ARRIVAL OF
. .
TRANSMITTED SHOCK WAVE AT GAGE POSITIONS.
-
iO R4 AR 133 . e IR MR EREERE R b e . b &S . 1
e N I : . B . : i
P S . s 53 (PR SO S 4 . , . . .
9 [RRR] [ SURS ZTONS S ST 130 I . . , -
! IREES PRI S2a 120 P27 oo Tee—r—t T ™ T T IS 13S0
“e %o . e . N .. v L . . ') .
e e . * e B LT LR -, . —m e e — - . a0
8 L 2 TN N I T q &
> ' a8 SR 19832 3 i R T e, IR NUNPRREPSS 125890801 Sriumuter iy o ohe T
. . N [ RS M M . P S 00N BENNAS 4 .
‘o . . e . . - . .- . e ore - . . P'
7 ' e PRSITYS SN o PR U 9 FERERE PYPOS FOTON I . - . £ -
[N Y T feeer I . .
N el RS . .
‘e . PR P . N
6 R XY . .
IS pEaae 1 T T et 1 Ene
- J H T
5 - . e ¥
e renag TE ey = ?
t [ : :
U ‘
. e ..
o . . .
R viee
.
P ~ M ¢ N .
. . 4 DR YYTYT 2T .
t . .- rietRever - .. .o YT T
3 - ‘ Y TYRT s .
2.5_4. : S P .
P . . M .. ° .
i o . - S I
N Rt <} . e
2 o - . R Y N ;
. .- B e . .
. N 4. I S PO . §. .. B
U . . of v saw. of o - .
IN] . q. P 4. . . o
B . . . Fo I P B -
i . q [ [ . P 4 .
1.5 i !
. . N . [SRAE RNN ey .ee 4 b esag b e cofe ¢ mfeecefaes K 2 e N .. .
~ . et - SEPIN SN & DI DY AN DD A .. .
- . N N B . o eieed o NPSY RSP S S O S . .
: R . PN PO M B [ PGS PRSI Ny Fop ree s ed e emees PR R O . .
z < befe s A J SUSURPRY PRV PRV T .. ebeienaee sfoeeee b e e ot - .
PR D FROUS PO N OO DU DY ETTS PUSOESY JFADERE I 4 ..
* T *
l"‘ . [ R S 0008 N PORE [ O O P Y S ve i he oxe
l I
S con Bo ok s .
g : i fe B S
91 K RS
-t .
sior
oy T penrs Paass T
x Lol : F MO S
7.“' TEEERY X LIEEY 2 -~ 4. - e-vodel o - - g
~ PEPARS Soammnaes RS SRR 1222 s
. t:.. - CLEEE Y T Y : : : e T;T I“ - :_
6 . . 4 o4 & - e .- - 4
; H HE ERERE 5Pt 133 33 T
I c el par - .
1 1. e 3 §ees
5 .1 s : bped P
. ¢ fo =2 t38g1 oy = R
[333 0T B e e -
- o - 3 -
.8 P40 o344 t659) Mg Fpeey .
. R 1t " 21 s M ape .
v =S ke +r
M 3 2 [ .
. .. : et 93 gos
4 .4 * - - 2y e e e .
EYREEpe’ ougesst SRRRY BREE 003 J= ~ = *
. PRI SYRSUTIRG? FTPTIIIT I DS PRIRDE S QaIFY FUOTT 1279 1 JEYY TUARY SDED-ALIN SRS .-%
— . LR R R R R LR ps ot L RS B R 2E okt (o s :
PEREPERS N crbioofraercrrontesbirirhs bidarbrfosifod " PERSRENE I 4 -
+ + MARE RERTRIT TS peoteapit DEINAN DU SDOOS 994 v -+ c eche wf
-4 b deraneee o sosbsbifaiss R IO ed IRy e o 44+ 4 - -
' . . + ctrsebropasordvhicrei- ¢ IR I + ‘ 3
L3 & .- covbobosifocacinied v sodlediedi s i ——t
ot S e :
r— * X EER=S TEIzssass oo ntie: T e 2 2 LRSS MEEs Liae
it 1 P o
! . 1 EES z
s 5ot : 2 3 . .
. 3 B s
2.5 H s it R 3.
RS - e + des Sl sesode - — A - - -
% 1531 HSEs $E30 L3 s Frtys SERER EE o2 133 B -
13 1523 S22 Jod 14ids ot L o3 -
-3 1R 354 $i431 Bt Sbes = PR - g -
. ' +§- FREOPS FRt FAR RS 2Yn¢ GuENHEn Dind Py Seava N
. . .o b4 239 12333 23559 R SIS Hhtet PP jEa% $4e0t tabet S Qbabay R S
+ IS RS OS¢ csafiis 4q Y SRTRE T 143 -t
boe ’ P RELT SETT] 229%) SOPNN 0oot e SROED MENDY 19000 SPENERINg N Z.
2 M . M Vit : b¢ 900¢ Pibeans DIy N 2 S e -
pg 4 g Seoes pap Jage soungrupand IRRES toans
S . IRPae S2ved tol Safereed on o Foes presd )uS pavy -
L +, . LS § $0004 e Fapes o1 163 IEbE S e pot : 3 b8 SORE S ¢ 1t hpdad vl
N . JO99 POENY 599 3 - .t 0 DBV PBDEDY  EeHE S 19884 8 rt 19 SOPWY P04 [t SENEE SPORy Sodhe Sles
. . o ofs o et PR PADE) R Sund 4 ‘ [ RED00 S0023 200 é e —foemefoe of o
.ol . DY SRS SRt M 04 —es 5% gudmi gt 44 . ous [698 099s devt B S2UV0 Maue S
. . . . iy o ofborefion . + 4 . +bbg ot i idedid e [ PEROE Fpe ¥4
1.5 . .. ceedre + ppe PIERIRR S PPE STt 20g sa: + s JUOE GaNSe Sagu
[ E o - > + 5 i
_ e Fevestis ooy JOPRl SEDOS ISUR1 2000¢ FDEREDY “d ' o1 9 oot PRRS 000 : PODSE PRRD? HONy
N FYRRIDS NN SRS DRREY YRR o0 [ PRGOS $98 .. ISROESRO0Y §E20000083 (330000 DENITE PPOEE V0 SY doe POE PEDSS SR PN
. i 2883 iaed il JLT M
. v ot s S TrYORINIY DY EE IR e Py - 4y ¢ 4 - o + e eofe ~od.. opee
C PRI ORI DO DO POAI M [ . s bedipeif : < : : PSS MEDES MEPSE N
PO ve . © ieee e PN SN SN . .o ies 15300041 e ile §94 43 I DUDDE PN
. . S e e} et e Y S DU P .o ot —y S ES TR : UET0% MU U IR PRy PN
boei 581 . ]
- . . o “fecee as of. e des & resfesen - . e + puY " 444t bobn PR P N
—~ e (S EERTRES PSRN PP SO IRy S [RPOT PN -t {d . BURY YOORT 1900, It AN R 300 .
»j— + taf i s ebes vefevraeer (YR RRREY PReYY P %1 + { % 4 % 1l ". BIES U S0 U i 4 oa
‘6 111, 0 NESESENNYIssss : I | 3 Hebeote-
R .9 k 4 6 "

INCIDENT SHOCK OVERPRESSURE, PSI

L1

b B 83 1 ‘ 3K




OF TRANSMITTED SHOCK WAVE AT GAGE POSITIONS.
MODEL # 4

FiG. 30~ INCIDENT SHOCK OVERPRESSURE vs. TIME OF ARRIVAL
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FIG. 31~ INCIDENT SHOCK OVERPRESSURE vs. TIME OF ARRIVAL
OF RAREFACTION WAVE AT GAGE POSITIONS-MODEL #!
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FIG. 32 — INCIDENT SHNCK OVERPRESSURE vs. TIME OF ARRIVAL
OF RAREFACT(ON WAVE AT GAGE POSITIONS- MODEL #2
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FIG. 33~ iNCIDENT SHOCK OVERPRESSURE vs. TIME OF ARRIVAL
OF RAREFACTION WAVE AT GAGE POSITIONS - MODEL #3
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FIG. 34~ INCIDENY SHOCK OVERPRESSURE
GF RAREFACTION WAVE AT GAGE

vs.
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FIG. 35 - INCIDENT SHOCK OVERPRESSURE vs. TRANSMITTED OVER-
.
PRESSURE AT TIME OF RAREFACTION AT GAGE POSITIONS.
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PRESSURE AT TIME OF RAREFACTION AT GAGE POSITIONS.
MODEL # 2

FIG. 36— INCIDENT SHOCK OVERPRESSURE vs. TRANSMITTED OVER-
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FIG. 37— INCIDENT SHOCK OVERPRESSURE vs. TRANSMITTED OVER-
PRESSURE AT TIME OF RAREFACTION AT GAGE POSITIONS.
MODEL # 3
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FIG. 38- INCIDENT SHOCK OVERPRESSURE vs. TRANSMITTED OVERPRESSURE

MODFL #4

AT TIME OF RAREFACTION AT GAGE POSITIONS.
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TARLE 1 - PREGSURE AND TDM VALUED
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TABLE 1 - PRESSURK AND TIME VALUES (CONT'D)

MODEL POS P Py ty Pq te By ty
2 2 200 28 022 82 157 8h .085
200 66 .017 235 070

800 91 .015 450 054 -——- -

1500 132 .012 1200 .037 —-- -e-

3 200 23 .032 64 250 57 171

500 3l .026 160 .13k 160 .101

800 50 021 315 .103 317 .086

1500 110 .016 1100 Roydn —-- -

b 200 29 .029 76 .185 78 .12k

500 68 024 205 .102 -—-- -

800 111 .021 415 .081 -e- -

1500 188 .016 1200 .062 —-- —--

5 200 49 .116 101 .323 101 .318

500 91 .097 218 .252 217 .238

800 92 .082 380 221 --- -

1500 150 .068 1100 .185 ——- -

3 2 200 65 .016 61 214 67 .033
500 127 .013 153 .108 157 .050

800 224 .007 297 .067 %22 .05

1500 690 .006 900 .0%0 1320 .056

3 200 12 .00 64 296 —-- -

500 27 .028 173 71 —-- -———

800 69 .023% 333 .125 --- -

1500 400 .020 925 .076 -—- _—

L 200 L5 064 65 272 - -

500 166 .0%6 165 .161 --- ——-

800 279 .029 303 .106 - _—

1500 515 023 900 .052 --- ———

o2
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TABLE 1| - PRESSURE AND TIME VALULS (CONT'D)
MUDEL ros AN Py ty Pe te
4 2 200 51 042 111 259
500 55 036 180 .150
300 80 0% 325 .120
1500 114 022 18% .086
3 200 22 078 140 224
500 174 .069 330 .170
800 207 0%, 525 162
1500 242 027 1830 .102
4 200 76 .102 248 .287
500 159 .089 538 217
800 393 075 935 .185
1500 3900 .054 1830 140
5 200 135 124 147 274
500 926 .109 545 267
800 1495 .089 895 .229
1500 1820 .061 1830 .160
6 200 11 .081 184 .270
50C 3l 052 165 .1h2
800 153 .0kl 270 156
1500 1%0 .C27 1830 112
PS Incident Shock Overpressure, PSI
3A - Initial Transmitted Shock Overpressure, PSI

t - Time of Arrival of Transmitted Shock Wave, SEC.

PP - Trancmitted Overpressure at Time of Rarefaction, PSI
tp - Time of Arrival of Rarefaction Wave, SEC.
PM - Maximum Transmitted Overpressure, PSI

ty " Time of Occurrence of Maximum Transmitted Overpressure, SEC.
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